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ABSTRACT
Introduction. Equipment for sterilization used in medical laboratories must be absolutely effective in 
eliminating microorganisms and their spores. It often directly influences human health, even life. The aim 
of the study was to compare the effectiveness of sterilization using the steam sterilizer ASV E, microwave 
sterilizer EnbioJet ML1, microwave sterilizer for baby bottles and breast pumps AVENT and microwave oven.
Materials and methods. Evaluation of the effectiveness of sterilization with the use of selected devices 
based on pressure-thermal and microwave-thermal methods was conducted, on the basis of elimination 
of G. stearothermophilus PCM 2104 and C. sporogenes IW 1306 spores.
Results. After using the steam sterilizer, 100% inactivation of spores of both species was noted. In the 
case of EnbioJet ML1 sterilizer, in the test containing 106 CFU × cm–3 G. stearothermophilus spores, 
1.63 × 101 CFU × cm–3 survived. The baby bottles sterilizer proved less effective. While the microwave, 
in the case of tests with the highest spore content, provided their inactivation only at the level of more 
than 70.0%. The steam sterilizer and EnbioJet ML1 sterilizer were the most effective, whereas the latter 
ensured a very short time of high temperature effect, which has a favorable impact on the properties of 
sterilized products, for example compounds decomposing in high temperature.
Conclusion. Results of own, as well as other authors’ studies allow to confirm the large potential in the 
scope of using microwave radiation for the sterilization and disinfection of materials of various sensitivity 
to temperature.
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Introduction
equipment for sterilization used in medical, industrial 
or research laboratories must be characterized by an 
absolute effectiveness in eliminating microorganisms 
and their spores. It often directly influences human 
health, even life, and in the case of scientific facilities it 
is crucial for the reliability of the conducted research. 
commonly used methods of sterilization are based 
primarily on high temperature, often in combination 
with appropriately modified pressure. With the mainte-
nance of parameters specified for a given technological 
process and adequately frequent control, they are 
able to provide normatively specified requirements 
for sterilization. Simultaneously, new methods are 
being developed, the aim of which is to e.g. shorten 
the sterilization time, simplify technology or lower the 
costs of its use while maintaining a similar degree of 
effectiveness. For destruction of germs they use vapor-
ized H2O2 and gas plasma H2O2, ozone, disinfectants 
of new generation or antibiotic substances of natural 
origin [1–4].
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Microwave radiation shows high efficiency in the 
scope of inactivation of bacteria [5–8]. the benefits 
connected with the possibility of its use result mainly 
from the short time of high temperature effect, which, 
together with the optimization of the process conditions, 
allows to minimize unfavorable changes in structure and 
quality occurring in the sterilized material.
In this work two strains of spore-forming bacteria 
Clostridium sporogenes and Geobacillus stearother-
mophilus were subjected to the action of microwave 
radiation. these bacilli, regarded as non-pathogenic, 
may contribute to food products going bad [9–11]. 
However, their particular importance results from the 
fact that considering the high temperature resistance 
of spores, G. stearothermophilus is used as an indicator 
of efficiency of the sterilization process, especially con-
ducted in an autoclave, and C. sporogenes can be used 
in research instead of pathogenic species Clostridium 
botulinum [12–14].
the aim of the study was to compare the efficiency 
of sterilization carried out using the microwave sterilizer 
enbioJet ML1, steam sterilizer ASV e, microwave ster-
ilizer AVeNt for baby bottles and breast pumps, and 
microwave oven Samsung GW73B, determined on the 
basis of the inactivation of spores G. stearothermophilus 
and C. sporogenes.
Materials and methods
evaluation of the effectiveness of sterilization with 
the use of selected devices based on pressure-thermal 
and microwave-thermal methods was conducted on 
the basis of elimination of G. stearothermophilus PcM 
2104 and C sporogenes IW 1306 spores. Both reference 
strains came from the Polish collection of Microor-
ganisms of L. Hirszfeld Institute of Immunology and 
experimental therapy in Wrocław. the control variant 
was the steam sterilizer ASV e, and the tested devices 
were: microwave sterilizer enbioJet ML1 (enbio tech-
nology Sp. z o.o., Poland), microwave sterilizer AVeNt 
for baby bottles and breast pumps and microwave oven 
Samsung GW73B with the capacity of 1100 W with er-
lenmeyer flask inside, filled with suspension of spores 
in sterile deionized water. the experiment was carried 
out in 3 independent repetitions for each of the devices.
Preparation of suspension of Clostridium 
sporogenes spores
Freeze-dried reference strain of C. sporogenes IW 
1306 was inoculated on tryptone Soya Agar (tSA, 
Merck Millipore, Germany) and incubated for 72 hours 
in the temperature of 37°c in anaerobic conditions using 
Anaerobic System sachets (Oxoid, United Kingdom). 
After this period, bacterial suspensions with the density 
2 on the McFarland scale were prepared in 5 mL of 
Brain Heart Infusion Broth (BHI, Merck Millipore) and 
covered with sterile liquid paraffin to achieve a layer 
with the thickness of 1 cm. then the suspensions were 
placed in the temperature of 4°c for 28 days. After this 
time, 0.5 mL of C. sporogenes culture was added to 
10 mL of Fluid thioglycollate broth (FtG, Sigma-Aldrich, 
Germany) and incubated for 24 hours in the tempera-
ture of 37°c in anaerobic conditions obtained by using 
Anaerogen Gas generating system (OXOID, UK). From 
the obtained cultures 0.5 mL was transferred to 10 mL 
of Duncan-Strong broth (4 g of yeast extract, 15 g of 
proteose peptone, 4 g of soluble starch, 1 g sodium 
thioglycollate and 10 g of Na2HPO4·7 H2O dissolved 
in 1000 mL of distilled water [15] and incubated in 
anaerobic conditions for 7 days in the temperature of 
37°c. Ready cultures were heated in the temperature 
of 80°c for 20 minutes in order to eliminate vegetative 
forms of C. sporogenes, and then rapidly cooled to 
20°c. After cooling, the contents of the test tubes were 
poured into the Falcons tubes of centrifuge (eppen-
dorf 5810R, Germany), centrifuged at the speed of 
20,160 × g for 10 minutes and the supernatant was 
removed. Sediment of spores was twice washed with 
sterile distilled water, and the supernatant was poured 
out and suspended in sterile distilled water.
the prepared suspension was evaluated in terms 
of C. sporogenes spores viable for germination. to 
this end, a series of decimal dilutions of the tested 
suspension in sterile distilled water was carried out 
and inoculated using the method of deep inoculation 
on solidified (addition of 9 g of agar for 500 mL of 
broth) substrate Differential Reinforced clostridial Broth 
(DRcM, Merck Millipore). After 72 hours of incubation 
in the temperature of 37°c in anaerobic conditions, the 
grown black colonies were counted. the suspension 
with concentration of spores viable for germination 
fixed at the level of 108 cFU × cm–3 was stored at 4°c.
Preparation of suspension of Geobacillus 
stearothermophilus spores
Freeze-dried reference strain of G. stearothermo-
philus PcM 2104 was cultured on tSA substrate and 
incubated for 24 hours in the temperature of 60°c. 
then, on a sporulation substrate [16], containing in 
1 dm3: 30 g of tSB, 0.125 g of cacl2, 0.15 g of MnSO4, 
0.155 g of FeSO4 and 0.55 g of Mgcl2, suspensions with 
the density 2 on the McFarland scale were prepared 
and incubated in the temperature of 60°c for 96 hours, 
with constant stirring of the culture. After the incubation, 
the cultures were heated in the temperature of 80°c 
for 30 minutes in order to eliminate vegetative forms 
of G. stearothermophilus, and then rapidly cooled to 
20°c. After cooling, the contents of the test tubes were 
poured into the Falcons centrifuge tubes (eppendorf 
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5810R) and centrifuged at the speed of 20,160 × g 
for 10 minutes, removing the supernatant. Sediment 
of spores was washed three times with sterile distilled 
water, the supernatant was poured out and suspended 
in sterile distilled water.
the prepared suspension was evaluated in terms 
of G. stearothermophilus spores viable for germination. 
to this end, a series of decimal dilutions of the tested 
suspension in 1% buffered peptone water (Merck Milli-
pore) was carried out and inoculated on tSA substrate. 
After 24 hours of incubation in the temperature of 60°c, 
the grown colonies were counted. the suspension with 
concentration of spores viable for germination fixed at 
the level of 106 cFU × cm–3 was stored at 4°c.
Preparation of standard suspension tests and 
assessment of the efficiency of sterilization
In order to conduct an assessment of the sterilization 
efficiency of the chosen devices, on the basis of initial 
suspensions of C. sporogenes IW 1306 and G. stea-
rothermophilus PcM 2104, three independent rows of 
decimal dilutions in sterile distilled water were prepared. 
For C. sporogenes those were dilutions containing 108 to 
101 cFU × cm–3, and for G. stearothermophilus — from 
106 to 101 cFU × cm–3. then, for each dilution in each 
of the three rows, the number of spores viable for germi-
nation was determined (positive control). After checking 
the initial concentration of spores, from each dilution 
200 mL was poured out to 4 sterile flasks, filling them to 
the reference volume. then one of the flasks from each 
dilution, from each of the three rows, was placed in a giv-
en sterilization device, therefore, obtaining 3 repetitions. 
After sterilization, for each suspension test in each 
repetition a number of decimal dilutions was prepared. 
For C. sporogenes the dilutions were made in ster-
ile distilled water, and then deep-inoculated, using 
DRcM substrate with the addition of agar, incubated 
for 72 hours in the temperature of 37°c in anaerobic 
conditions and the grown colonies were counted. 
In the case of G. stearothermophilus, the dilutions 
prepared in 1% buffered peptone water were inoculated 
on tSA. the incubation was carried out for 24 hours in 
the temperature of 60°c, and then the grown colonies 
were counted.
For both species of bacteria, the indicator of inac-
tivation of spores for each of the tested devices was 
calculated using the equation [1]:
     
I =
  (A–B) 
                A    
× 100%
A — number of spores viable for germination in a given 
suspension test
B — number of spores viable for germination after 
sterilization
Sterilization in individual tested devices
the basic sterilization conditions for each device 
are presented in table 1.
In the conducted experiment, sterilization in the 
steam sterilizer ASV e was used as the control variant. 
When testing the efficiency of this device, all flasks 
containing suspension tests with C. sporogenes and 
G. stearothermophilus spores were placed in a working 
chamber in a two-level wire basket. the parameters 
of the process were as follows: temperature 121°c, 
sterilization time 21 minutes, pressure 1.52 bar (tab. 1).
In order to assess the sterilization efficiency of 
the microwave sterilizer enbioJet ML1, single flasks 
containing prepared suspension tests of specified 
concentration of spores were placed in a working 
chamber, and the sterilization process was carried out 
for 7 minutes, in accordance with the manufacturer’s 
recommendations (tab. 1).
In the case of the microwave sterilizer AVeNt for 
baby bottles and breast pumps, 200 mL of sterile dis-
tilled water was poured inside the device, and 6 flasks 
with suspension tests were simultaneously put in. then, 
the device was closed tight, and, in accordance with 
the manufacturer’s recommendations, put inside the 
microwave oven Samsung GW73B with the capacity 
of 1100 W (radiation power 750 W) and microwave 
radiation frequency of 2.45 GHz for 2 minutes (effec-
tive exposure time — 114 seconds). After completion 
of the process, the temperature of the flasks contents 
was measured with a sterile thermometer, recording on 
average 101.3°c (tab. 1).
In order to assess the sterilization efficiency of the 
microwave oven Samsung GW73B flasks containing 
suspension tests of various concentration of spores were 
placed directly on the rotating tray of the microwave oven 
with the capacity of 1100 W (radiation power 750 W) and 
microwave radiation frequency of 2.45 GHz for 2 minutes 
(effective exposure time — 114 seconds). After complet-
ing the process, the temperature of the flasks contents 
amounted to an average of 90.2°c (tab. 1). 
Results
It was concluded that the tested devices, except 
the microwave oven, provided a satisfactory disinfec-
tion level, exceeding 99.0%. However, sterilization, 
consistent with the definition of the process, can only 
be noted in the case of the steam sterilizer ASV e, 
which independently of the initial number of spores in 
the suspension test, guaranteed 100.0% level of their 
inactivation (tab. 2 and tab. 3). 
Microwave sterilizer enbioJet ML1 ensured the 
complete inactivation of C. sporogenes spores at their 
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Table 1. Sterilization conditions
Sterilization 
conditions
Steam sterilizer  
ASV E
EnbioJet ML1 Microwave sterilizer 
AVENT for bottles
Microwave oven 
Samsung GW73B
temperature [°c] 121 135 101.3 90.2
time [minutes] 21 7
(effective sterilization  
— 1 minute)
2 2
Pressure [bar] 1.52 3.60 – –
Microwave radiation 
frequency [GHz]
– 2.45 2.45 2.45
initial number set within the limits from 3.90 × 101 to 
3.04 × 108 cFU × cm–3 (tab. 2). It was slightly worse 
in the case of the efficiency of elimination of G. stearo-
thermophilus spores viable for germination. Full inacti-
vation of spores of this germ was noted in the case of 
their initial number within the limits from 2.73 × 101 to 
2.37 × 105 cFU × cm–3. And for the suspension test 
containing 5.00 × 106 cFU × cm–3, after completing 
the process, 1.63 × 101 spores of G. stearothermophilus 
viable for germination were retrieved, so the inactivation 
indicator amounted to 99.99% (tab. 3).
In the case of the steam sterilizer ASV e, the indi-
cator of inactivation of spores of both bacteria species 
in each case amounted to 100.0% (tab. 2 and tab. 3).
the microwave sterilizer AVeNt for baby bottles 
and breast pumps, with similar in principle operation to 
the enbioJet ML1 device, ensured 100.0% inactivation 
of C. sporogenes spores, at their initial number from 
3.90 × 101 to 5.70 × 105 cFU × cm–3 (tab. 2), and G. stea-
rothermophilus spores at the concentration within the 
limits from 2.73 × 101 to 3.21 × 105 cFU × cm–3 (tab. 3). 
In the case of suspension tests containing more spores, 
the inactivation indicator for the discussed device 
amounted to 99.99% in the case of C. sporogenes 
(tab. 2) and from 99.91% to 99.99%, depending on 
the initial concentration of spores, for G. stearother-
mophilus (tab. 3).
the lowest disinfection efficiency was noted in 
the case of the microwave oven. Full inactivation 
of C. sporogenes spores was noted for this device 
at their initial number in the test from 3.90 × 101 to 
2.67 × 102 cFU × cm–3 (tab. 2), and G. stearother-
mophilus spores only at the lowest tested concentra-
tion (tab. 3). exceeding the level of 90% inactivation, 
ensuring a drop in the number of tested spores by one 
logarithmic unit, was noted for the number of spores 
in the test lower than 3.27 × 104 cFU × cm–3 for 
C. sporogenes (tab. 2) and 6.17 × 103 cFU × cm–3 for 
G. stearothermophilus (tab. 3). In the case of tests con-
taining the highest tested number of spores, amounting 
to 3.04 × 108 cFU × cm–3 for C. sporogenes, and 
5.00 × 106 cFU × cm–3 for G. stearothermophilus, the 
value of the inactivation indicator was determined at the 
level of 70.43% and 78.93% (tab. 2 and tab. 3). this 
resulted in retrieving spores of both species respec-
tively in the number of 9.00 × 107 cFU × cm–3 and 
1.05 × 106 cFU × cm–3 (tab. 2 and tab. 3).
Discussion
the work compares the effectiveness of sterilization 
using the microwave sterilizer enbioJet ML1, microwave 
sterilizer AVeNt for baby bottles and microwave oven 
Samsung GW73B in relation to the steam sterilizer ASV e. 
It was concluded that the most effective were the steam 
sterilizer and the sterilizer enbioJet ML1, whereas the 
latter ensured a very short time of high temperature 
effect, which has a favorable impact on the properties 
of sterilized products.
efficient inactivation of spores is one of the methods 
of assessing the correctness of operation of steriliza-
tion devices. to achieve this, species of high resistance 
to temperature are used as biological indicators. One 
of them is G. stearothermophilus, for which the val-
ue of D121°c, depending on the composition of the 
growth substrate, varies from 1.3 to 5.4 minutes [10]. 
C. sporogenes is characterized by a lower resistance 
to high temperature (D121°c 0.92 — 1.5 minutes), but 
elimination of its spores also guarantees the destruc-
tion of C. botulinum spores, with thermal sensitivity 
a few times higher [17, 18]. In own studies, using steam 
sterilizer ASV e led to 100% inactivation of spores of 
both species, regardless of their initial number in the 
suspension tests. However, spores of C. sporogenes 
showed higher than G. stearothermophilus sensitivity 
to microwave radiation of both devices. this differ-
ence is explained by the different heat-sensitivity of 
C. sporogenes and G. stearothermophilus, which was 
mentioned above. 
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Destruction of vegetative bacteria cells and their spores 
under the influence of microwaves results mainly from 
high temperature and the so-called non-thermal effect, 
questioned by some researchers [19]. Lethal changes in 
cell structures of the radiated germs involve cell wall, DNA 
and cytoplasm proteins [20]. Microscope observations 
proved that the mechanism of destroying both bacterial 
vegetative cells and spores by microwaves is different than 
in the case of conventional heating. In the suspension of 
Bacillus licheniformis spores subjected to microwaves 
with the capacity of 2 kW, numerous proteins and DNA 
were noted, which got outside through destroyed spore 
coats. the activity of the protein cotA located in the spore 
capsule, which did not change its properties during classic 
boiling, was completely inhibited [21].
the lethal influence of microwaves on bacterial 
spores, regardless of the mechanism of this influence, 
was confirmed many times. In the research of Laguerre 
et al. [22], inactivation of G. stearothermophilus spores 
reaching 1 log took place, depending on the used 
radiation power, within 50 to 150 seconds. 8-minute 
action of microwaves caused the destruction of 100% of 
C. sporogenes and G. stearothermophilus spores [23].
the efficiency of sterilization with the use of micro-
waves results mainly from the purpose of the used de-
vice, associated radiation power which can be ensured 
and time of action. In own studies, the microwave oven 
showed relatively low efficiency in the scope of elimination 
of spores. the inactivation indicator of the suspension of 
C. sporogenes spores with the density of 108 cFU × cm–3 
subjected to its action, amounted to 70.4%, which 
probably resulted from the low temperature generated 
inside this device (tab. 2). According to Woo et al. [24], 
5 log reduction of number of B. subtilis and E. coli cells 
subjected to microwaves took place fastest until reach-
ing the temperature of 60°c. An increase above this value 
influenced the tested microbes in a less significant way. 
High hopes connected with broadening the scope 
of application of microwave radiation for sterilization 
purposes concern possibilities of integrating their action 
with the influence of higher pressure [25]. the result of 
such combination is the increase of temperature guar-
anteeing the effective elimination even of the germs of 
high resistance to temperature. Using high pressure 
(700–900 MPa) in the temperature scope of 80–100°c 
accelerated the process of destroying C. sporogenes 
spores introduced to fish pulp and milk. However, sim-
ilar dependencies were not observed after raising the 
temperature above the value of 100°c. the efficiency 
of used combination of physical factors in the scope 
of elimination of spores was dependent on the type of 
substance to which it was introduced and the tested 
strain [26, 27]. Patazca et al. [28] claim that the com-
bination of elevated pressure and high temperature 
enables faster inactivation of G. stearothermophilus 
spores. Along with the increase of temperature from 
92°c to 111°c, their resistance to increased pressure 
decreased (zp) from the value of 352 MPa to 216 MPa. 
combined action of pressure and temperature re-
sulting from the microwave radiation used in the micro-
wave sterilizer enbioJet ML1 resulted in 100% inactiva-
tion of C. sporogenes spores — similarly as in the steam 
sterilizer ASV e. Its efficiency was slightly lower in the 
case of the suspension of G. stearothermophilus spores 
of the highest of tested densities — 106 cFU × cm–3. 
Assuming that the number of high temperature resistant 
spores in the sterilized materials rarely reaches such 
high values, the obtained results suggest that the ef-
ficiency of the microwave sterilizer enbioJet ML1 may 
fulfill the requirements of microbiology laboratories. 
An additional, but significant benefit of this device, 
giving it advantage over a traditional autoclave, is the 
short time of the sterilization process. It is, along with 
lowering the temperature of the process, one of the main 
technological trends concerning the construction and 
functioning of sterilization devices [3, 29]. 
constructing specialized devices using the speed 
and efficiency of microwaves, sterilized through them 
thermostable medical instruments and aprons. Re-
sults of many experiments also prove that after op-
timizing the parameters accompanying this process 
it is possible to use this method also for more sen-
sitive materials. According to Kothari et al. [25], 
treating substrates for bacteria and fungi cultures with 
microwaves resulted in stronger growth of these micro-
organisms. It resulted from the shorter, in comparison 
with autoclave, time of heating the substrate, which 
enables a better retention of nutrients. On the other 
hand, Laguerre et al. [22], when testing the influence 
of microwaves on G. stearothermophilus spores in 
milk, determined the so-called “optimal zone” of the 
sterilization process. this concept defines the power 
and time of action of radiation, ensuring a satisfactory 
level of destruction of spores at the lowest possible 
loss of nutrients and limiting to the minimum the num-
ber of harmful side compounds generated in thermal 
processes (Maillard reaction products). 
Conclusions
1. Results of own, as well as other authors’ studies, 
allow to confirm the large potential in the scope of 
using microwave radiation for the sterilization and 
disinfection of materials of various sensitivity to 
temperature. 
2. Particularly, the sterilizer enbioJet ML1 ensured effi-
ciency very similar to the standard steam sterilizer. 
3. the fast effect of microwaves, enabling to shorten 
the time of high temperature effect, surely constitutes 
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an important stimulus to conduct further research 
in this field. However, we should remember about 
the inferiority of temperature unevenness, which is 
a serious problem of microwave sterilization.
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